An object that is looming toward a subject or receding away contains important information 36 for determining if this object is dangerous, beneficial or harmless to them. This information 37 (motion, direction, identity, time-to-collision, size, velocity) is analyzed by the brain in order to 38 execute the appropriate behavioral responses depending on the context: fleeing, freezing, grasping, 39 eating, exploring. In the current study, we performed ultra-high-field functional MRI (fMRI) in 40 awake marmosets to explore the patterns of brain activation elicited by visual stimuli looming 41 toward or receding away from the monkey. We found that looming and receding visual stimuli 42 both activate a large cortical network in frontal, parietal, temporal and occipital cortex in areas 43 involved in the analysis of motion, shape, identity and features of the objects. Looming stimuli 44 strongly activated a network composed of the pulvinar, superior colliculus, prefrontal cortex and 45 temporal cortical areas. This may underlie the existence of an alert network that processes the 46 visual stimuli looming toward their peripersonal space by extracting the crucial information 47
brought by the stimulus and evaluating its potential consequences to the observer. We hypothesize 48 that this network is involved in the planning of protective behaviors (e.g. fleeing or freezing) and 49 in emotional reaction (e.g. anxiety, fear). These findings support the view that this network is 50 preserved through evolution and that the marmoset is a viable model to study visual and 51 multisensory processes by using fMRI to guide further invasive recordings and/or pharmacological 52 manipulations. 53 54 55
Introduction 65
The primate's ability to perceive motion such as looming (e.g. a predator) or receding 66 stimuli (e.g. a prey) is essential for adapting and adjusting their behavior to the context (e.g. 67 fleeing, freezing or hunting). Looming stimuli are characterized by the expansion of a closed 68 contour in the field of view, and alternatively, receding stimuli are characterized by contraction of 69 a closed contour (Schiff et al., 1962) . Franconeri and Simons (2003) proposed a behavioral-70 urgency hypothesis: the processing of stimuli are prioritized for those that signal an event that 71 could require immediate action such as adaptive behavior or defensive responses (Náñez, 1988; 72 Náñez and Yonas, 1994; Shirai et al., 2004) . In both infants and adult Old World macaque monkeys 73 and humans, looming stimuli trigger stereotypical avoidance responses such as leaping, springing 74 or ducking, whereas receding stimuli elicit exploratory behaviors (Schiff et al., 1962; Ball and 75 Tronick, 1971) . Such a behaviour requires integrating and analyzing the spatiotemporal 76 components, the depth cues, the relative distance and the direction of approach in a short period of 77 time. 78
Over the past fifteen years, behavioral studies have shown that the predictive mechanisms 79 underlying the approach of stimuli toward the observer involve multisensory processes such as, in 80 most cases, the stimulus predicting a collision leading to a tactile impact on the body. Behavioral 81 orienting indices are increased by auditory-visual stimuli (Maier et al., 2004; Cappe et al., 2009) . 82 For example, auditory or visual looming stimuli both enhance tactile processing at the predicted 83 time of impact and at the expected location of impact by increasing tactile sensitivity (Cléry et al., 84 2015a) and by shortening reaction times (Canzoneri et al., 2012; Kandula et al., 2015) . Recently, 85 an fMRI study performed in macaque monkeys (Cléry et al., 2017) highlighted the existence of a 86 core cortical network of prefrontal, premotor, parietal and visual areas involved in the processing 87 6 of visual looming stimuli predicting an impact into the face. This network has been suggested to 88 be involved in approaching behavior (Rizzolatti et al., 1997) and in the representation of a 89 peripersonal space for serving defense and protective behaviors (Graziano and Cooke, 2006; Cléry 90 et al., 2015b) , as confirmed by the partial overlap of this network with the network encoding 91 peripersonal space (Cléry et al., 2018). This mechanism seems conserved across macaques and 92 humans suggesting that it is a conserved network as their common ancestor lived about 25 million 93 years ago (Miller et al., 2016) . Further invasive explorations using high density and laminar 94 recordings and manipulations are needed for a better understanding of the neuronal mechanism in 95 this network. This type of studies is difficult or even impossible in macaque monkeys as many of 96 the frontal and parietal regions are located deep within sulci (arcuate sulcus and intraparietal 97 sulcus). 98
With a largely lissencephalic cortex, the New-World common marmoset (Callithrix 99 jacchus) may be a potentially alternative primate model for studying the neural processes occurring 100 in frontal and parietal areas during looming and receding visual stimulation. A prerequisite for 101 invasive recording studies is the identification of the brain areas involved in the processing of 102 looming and receding stimuli in marmosets. Here we took advantage of the small size of these 103 primates and used a small-bore ultra-high-field 9.4T MRI scanner to explore the whole-brain level 104 fMRI activations elicited by visual stimuli looming toward or receding away from awake 105 marmosets. was present throughout each run (Fig.1A) . The 3D environment and stimuli were all constructed 144 with the Blender software (http://www.blender.org/). Visual stimuli consisted of dynamic 3D 145 geometrically shaped stimuli rotating upon themselves. There were seven different shapes: a cube, 146 a cylinder, a ball, a simple icosphere, a complex icosphere, a torus and a cone pointing toward the 147 marmoset ( Figure 1A ). We used different stimuli to maintain the animal arousal level throughout 148 acquisition. Visual stimuli loomed toward the animals or receded away from them (at 17.33 cm/s). 149
Looming and receding conditions were presented in the same runs but in separate blocks of eleven 150 stimuli each. The marmosets were not required to fixate on the dot or track the stimuli during the 151 task. 152
Functional time series (runs) were organized as follows ( Fig. 1B) : an 11-volume block of 153 no stimuli was followed by an 11-volume block of visual stimuli looming toward the monkey, an 154 9 11-volume block of no stimuli, an 11-volume block of visual stimuli receding away from the 155 monkey and an 11-volume block of no stimuli (baseline). A given sequence, repeated four times, 156 resulted in a 187-volume run with 17 blocks. 157
158
Scanning 159
We performed data acquisition using a 9.4-T, 31-cm horizontal-bore magnet 160 Based on the quality of the images and the eye signal, a total of 10 runs were selected for 178 M1, 10 runs for M2 and 8 runs for M3. Time series were preprocessed using AFNI (Cox, 1996) . 213
The quality of the data was assessed by extracting the BOLD time courses from four 214 different regions (Fig. 2) . The regions were selected based on the selective looming network 215 contrast performed in group analysis and on the cluster size. The identified regions were the left 216 pulvinar/superior colliculus (27 voxels), the right parietal region (29 voxels), the fundus of the 217 superior temporal sulcus (13 voxels) and the inferior temporal area TE3 (31 voxels). 218
The results were consistent across the three animals for the 'looming vs no stimuli' and the 219 'receding vs. no stimuli' contrasts, thus Figs. 2, 5, 6, 7 and 8 correspond to a group analysis to 220 simplify the presentation of the results. In the case of Figs 6, 7 and 8, fixed-effect group analyses 221 were performed for each sensory modality with a level of significance set at p < 0.001 (uncorrected 222 level, t scores > 3.1), to observe the maximum activation map (lower power due to the mask 12 constraint) and display on the coronal sections or fiducial map of the NIH marmoset brain template. 224
The labelling refers to the histology-based atlas of Paxinos and colleagues (2011) for the cortical 225 regions (Fig. 1C) and to the atlas of Liu and colleagues (2018) for the subcortical regions. 226
227
Results
228
In each run, monkeys were presented with three conditions: (1) no visual stimuli blocks; 229
(2) blocks with only visual stimuli looming toward the animal and (3) blocks with only visual 230 stimuli receding away from the animal. In the following, we described the functional cortical and 
Subcortical activations 278
The high resolution of the imaging acquisition allowed us to capture subcortical activations 279 evoked by visual looming (Fig. 8A ) or receding stimuli (Fig. 8B ). Both types of visual stimuli 280 elicited activations in the caudate, the hippocampus and the pulvinar. In most cases, the subcortical 281 activations were stronger and more widespread in the looming compared to the receding condition. 282
Visual looming stimuli also triggered activations in the putamen and the superior colliculus. 283 284 285
Discussion 286
Here we explored the neural activations elicited by visual stimuli looming toward or 287 receding away from awake marmosets using fMRI at 9.4T. Both visual stimuli activated a large 288 cortical network in frontal, parietal, temporal and occipital cortex. The network evoked by looming 289 stimuli was stronger and showed some selective encoding of subcortical areas, including the 290 pulvinar and the superior colliculus. 291
292
We found robust activations in the occipitotemporal cortex including V1, V2, V3, V4, TEO 294 and TE for looming and receding stimuli. This network is very similar to the one found by Hung 295 and colleagues (2015a) that investigated the responses to static visual stimuli (faces, body, objects) 296 with fMRI in marmosets. Areas V4 and TEO both showed preferential encoding for complex 297 visual stimuli (Hung et al., 2015a (Hung et al., , 2015b . Moreover, lesions in the marmoset inferior temporal 298 cortex indicate its involvement in visual object discrimination (Ridley et al., 2001) . Thus, when 299 visual stimuli loom toward the monkey or recede away from it, activation of these visual areas 300 likely reflects object analysis. 301 302
Dorsal visual pathways for motion selectivity 303
Interestingly, in the fMRI study of Hung and colleagues (2015a), no activations were found 304 in medial and superior temporal areas or in parietal cortex. However, in our current study, in 305 addition to the visual areas V1, V2 and V3, we observed activations in areas MT, MST, FST and 306 parietal cortex (Opt). These areas compose the dorsal visual pathway involved in the guidance of 307 visually directed behavior and spatial orienting (Goodale and Milner, 1992) . Some V1 neurons are 308 speed sensitive (Yu et al., 2010) , some are motion sensitive and depend on contour orientation 309 extraction, but others are independent and seem involved in complex motion analysis (Tinsley et to play a critical role in higher stages of motion processing by sending strong feedback to area MT 318 and other cortical areas (Palmer and Rosa, 2006a; Solomon and Rosa, 2014) . 319
The fact that Hung and colleagues (2015a) did not observe these activations is probably 320 due to the use of static images, whereas here, our dynamic visual stimuli activated motion-sensitive 321 areas. Interestingly, both looming and receding stimuli seem to activate the ventral and dorsal 322 visual pathways. Over the past years, more evidence of strong interconnections between the two 323 visual pathways has accumulated (for review, see Handa and Mikami, 2018) . The authors suggest 324 that these interconnections allow sharing of information about motion and shape between the early 325 visual areas in both pathways with a mechanism relying on visual cues and behavioral 326 requirements. 327 328
Looming selective network 329
We observed some areas that showed a preference for encoding looming visual stimuli. Pandya, 1987) also called F4 (Matelli et al., 1985) . In marmosets, stimulation in this area led to 339 some facial and forelimb movements (Burman et al., 2008) . This suggests that stimuli looming 340 toward the marmoset can elicit facial expression and participate in the planning of future 341 movement. The marmoset area 8av has been suggested to be the homologous of the macaque suggests that, in this species, these areas are involved in visual motion analysis. Interestingly, an 362 fMRI study in humans showed the involvement of V6 for visual stimuli looming toward the near 363 space of the subject (Quinlan and Culham, 2007) . 
